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Residual  stresses  in  the  electrolytes  of  segmented-in-series  solid  oxide  fuel  cells  (SIS-SOFCs)  and  anode- 
supported  cells  (ASCs)  were  estimated  at  room  temperature  by  X-ray  diffraction.  In  the  SIS-SOFCs,  the 
residual  stresses  in  the  electrolyte  were  smaller  than  in  the  ASCs  and  did  not  change  significantly  after 
redox  cycling.  For  both  designs,  numerically  calculated  values  of  the  residual  stresses  in  the  electrolyte 
were  found  to  be  comparable  to  the  experimental  results.  Next,  in  order  to  simulate  the  reoxidation 
reaction,  the  anode  was  subjected  to  forced  expansion,  and  the  residual  stresses  were  estimated  at  high 
temperatures.  It  was  found  that  in  the  SIS-SOFC,  the  dimensional  changes  and  residual  stresses  were 
smaller  than  those  in  the  ASC.  The  high  redox  tolerance  of  the  SIS-SOFC  is  considered  to  stem  from 
the  fact  that  the  electrically  insulated  substrate  prevents  the  expansion  and  deformation  of  the  positive 
electrode-electrolyte-negative  electrode  structure. 
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1.  Introduction 

The  development  of  various  solid  oxide  fuel  cell  (SOFC)  sys¬ 
tems  has  progressed  steadily  in  recent  years  due  to  the  successful 
performance  they  have  demonstrated  [1-3]. 

Practical  use  of  SOFC  systems  for  residential  applications  will 
require  high  redox  tolerance  to  reach  the  necessary  high  efficiency 
with  a  simple  fuel  utilization  control  mechanism  [4-6].  A  high 
redox  tolerance  also  offers  other  advantages  such  as  a  shutdown 
sequence  without  any  reduction  gases,  which  contribute  to  relia¬ 
bility. 

However,  the  performance  of  anode-supported  cells  (ASCs) 
degrades  with  redox  cycling  because  the  anode  expansion  caused 
by  micro-structural  changes  leads  to  the  formation  of  cracks  in  the 
electrolyte  [7].  Thus,  in  order  to  enhance  the  redox  tolerance  of 
SOFCs,  micro-structural  modification  [8]  of  the  anode,  the  use  of 
an  oxidation  barrier  layer  [9],  and  the  use  of  a  new  anode  mate¬ 
rial  Lao.75Sro.25Cro.5Mno.5O3  [10]  have  been  the  subject  of  recent 
studies. 

In  addition,  the  mechanism  responsible  for  performance  degra¬ 
dation  due  to  thermal  cycling  has  been  studied  by  measuring  the 
residual  stresses  in  the  electrolyte  using  X-ray  measurement  meth¬ 
ods  [11]  and  numerical  analysis  [12,13].  The  residual  stresses  are 
affected  by  the  thicknesses  of  the  anode,  electrolyte,  and  cathode, 
and  the  positive  electrode-electrolyte-negative  electrode  (PEN) 
structure  has  been  optimized  using  a  numerical  model  [14]. 
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In  segmented-in-series  solid  oxide  fuel  cells  (SIS-SOFCs) 
[15-17],  the  anode  layers,  which  are  supported  by  an  electrically 
insulating  porous  substrate,  are  thinner  than  in  conventional  ACSs. 
Fig.  1  shows  schematic  representations  of  the  plane  and  cross- 
sectional  views  of  typical  SIS-SOFCs.  The  substrate  shows  high 
chemical  stability  and  is  characterized  by  qualities  such  as  low 
dimensional  changes  and  small  structural  changes  [18-20].  We 
have  measured  the  redox  tolerance  of  an  SIS-SOFC  and  found  it 
to  have  a  very  low  degradation  rate  [21  ]. 

In  this  paper,  we  report  our  evaluation  of  the  residual  stresses 
in  the  electrolyte  of  a  SIS-SOFC  during  redox  cycling  on  the  basis  of 
X-ray  diffraction  and  numerical  analyses,  which  reveal  the  effect  of 
the  thicknesses  of  the  anode  and  substrate  on  residual  stresses. 


2.  Experimental 

2A.  Sample  preparation 

The  SIS-SOFC  is  supported  by  an  electrically  insulating  porous 
oxide  material  on  which  16  single  cells  are  arrayed  electrically 
in  series,  as  shown  in  Fig.  1.  The  substrate  was  prepared  from  a 
Ni-doped  MgO-based  material  by  extrusion  in  the  form  of  a  flat¬ 
tened  tube.  The  anode  was  prepared  using  NiO  powder  (99.9%, 
Seido  Chemical  Industry  Co.,  Ltd.)  and  8  mol%  YSZ  powder  (TZ- 
8Y,  Toso  Co.,  Ltd.).  The  anode  sheets  were  produced  using  a  tape 
casting  method,  and  the  sheets  and  substrate  which  were  bonded 
with  an  organic  solvent  were  dipped  in  a  YSZ  slurry.  Next,  the 
YSZ  electrolyte  and  the  anodes  were  co-fired  with  the  substrate 
at  1500°C  for  2h  [18,19],  and  the  cathode,  which  was  prepared 
using  Sr-  and  Co-doped  LaFe03  (LSCF),  was  screen  printed  onto  the 
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Fig.  1.  Schematic  representation  of  (a)  plane  view  and  (b)  cross-sectional  view  of  SIS-SOFC. 


electrolyte  and  sintered  at  1200°C  for  2h.  SIS-SOFCs  of  thickness 
~3  mm,  both  with  and  without  the  anode  function  layer  ( AFL),  were 
fabricated.  The  sample  preparation  details  are  reported  elsewhere 
[15-19,22]. 

Two  kinds  of  ASCs  of  different  thicknesses  were  fabricated  for 
the  sake  of  comparison  with  the  SIS-SOFCs.  The  anode  of  the 
Ni-YSZ  was  formed  by  the  conventional  press  molding  method 
and  the  YSZ  electrolyte  slurry  was  dipped  in  the  anode  substrate. 
The  substrates  with  the  dipped  YSZ  were  co-fired  and  the  cath¬ 
ode  of  LSCF  was  screen-printed  onto  the  electrolyte  [23,24].  ASCs 
with  thicknesses  of  3  mm  and  0.5  mm  were  prepared  for  com¬ 
parison  with  the  thickness  of  the  substrate  and  anode  of  the 
SIS-SOFC. 

Reduced  samples  were  obtained  by  sintering  in  a  4%FI2-N2 
atmosphere  at  750  °C  for  100  h,  and  the  re-oxidation  samples  were 
prepared  by  annealing  in  air  at  750  °C  for  1 00  h.  The  redox  samples 
were  produced  by  repeating  these  redox  cycles. 

2.2.  SEM  images  after  redox  cycling 

The  electrolyte  surfaces  of  the  SIS-SOFCs  and  ASCs  after 
redox  cycling  were  analysed  using  a  scanning  electron  micro¬ 
scope  (SEM,  JEOL  Ltd.,  JSM-6510A)  to  confirm  the  cracks  on 
the  electrolyte.  When  cracks  were  observed  on  the  elec¬ 
trolyte  surface,  cross-sectional  views  of  the  samples  were 
analysed. 

2.3.  X-ray  residual  stress  measurement 

The  thermal  stresses  in  the  electrolyte  of  the  SIS-SOFCs  and 
ASCs  were  measured  at  room  temperature  using  an  X-ray  diffrac¬ 
tometer  (Rigaku  Co.  Ltd.,  RINT-2000).  The  typical  cell  sizes  were 
30  mm  x  30  mm,  and  the  cathodes  were  removed  from  the  elec¬ 
trolyte  before  the  X-ray  measurement.  The  residual  stresses  were 
estimated  using  the  sin2*/'  methods,  and  the  Cu -Ka  X-ray  source 


was  selected.  For  the  diffracting  plane  used  for  the  stress  measure¬ 
ments,  we  selected  the  (531)  plane  of  8YSZ. 

The  residual  stresses  in  the  electrolyte  were  estimated  using  the 
following  formula. 

1  E  3  df 

a  =  —  x  - - x  - - — 

do  1  +  v  9sin2  \Js 

where  d0  is  the  inter-planar  spacing  under  a  stress  free  condition, 
and  E  and  v  are  the  Young’s  modulus  of  215  GPa  and  Poisson’s 
ratio  of  0.3,  respectively,  using  data  taken  from  previous  reports 
[13,25,26]. 

2.4.  Residual  stress  simulation 

The  residual  thermal  stresses  in  the  SIS-SOFC  and  ASCs  were 
simulated  using  the  numerical  finite  element  software  COMSOL 
3.5a  (COMSOL  AB,  Sweden).  The  parameters  of  the  electrolyte, 
anode,  AFL,  and  substrate  are  listed  in  Table  1.  These  parame¬ 
ters  were  taken  from  Yakabe’s  residual  stress  simulation  data  [13] 
in  order  to  validate  our  simulated  results.  The  simulated  sam¬ 
ple  geometry  used  was  10  mm  x  10  mm,  since  it  was  reported 
that  at  5  mm  or  more,  the  results  are  almost  independent  of 
the  cell  size  [13].  Thus,  we  carried  out  the  simulations  in  the 
range  of  a  low  size  influence,  and  the  co-firing  temperature  at 
which  each  component  (anode,  electrolyte,  and  substrate)  was 
sintered  was  assumed  to  be  1400  °C.  First,  we  calculated  the 
residual  thermal  stress  in  each  SOFC  at  25  °C  and  confirmed 
the  validity  of  the  simulated  results  with  those  of  previous 
reports. 

Next,  thermal  stress  at  750  °C,  which  is  the  SOFC  operating 
temperature,  was  simulated,  and  the  reoxidation  effect  upon  the 
residual  stress  in  each  SOFC  was  assumed  to  result  in  anode  expan¬ 
sion  of  50  pan. 


Table  1 

Material  properties  of  components  in  SIS-SOFC  and  ASC. 


Young’s  modulus 
(GPa) 

Poisson’s  ratio 

Thermal  expansion 
coefficient  ( x  1 0-6  K-1 ) 

Thickness  (mm) 

Electrolyte 

207 

0.3 

10.56 

0.05 

Anode 

96 

0.3 

12.22 

ACS:  0.5,  3.0SIS-SOFC:  0.1 

AFL 

96 

0.3 

13.00 

0.02 

Substrate 

87 

0.3 

11.2 

0.5-3.0 
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Fig.  2.  SEM  images  of  electrolyte  surfaces  of  SIS-SOFCs  without  anode  function  layer  after  redox  cycling. 


Fig.  3.  SEM  images  of  electrolyte  surfaces  of  ASCs  after  redox  reactions.  The  sample  thicknesses  are  (a)  0.5  mm  and  (b)  3  mm. 


3.  Results  and  discussion 

3. I.  SEM  images  of  SIS-SOFCs  and  ASCs 

SEM  images  of  the  electrolyte  surface  of  the  SIS-SOFC  without 
an  AFL  are  shown  in  Fig.  2.  The  surface  morphology  retained  almost 
the  same  structure  after  redox  cycling.  The  electrolyte  of  the  SIS- 


SOFC  with  an  AFL  showed  the  same  morphology.  However,  some 
cracks  were  observed  in  the  electrolyte  surfaces  of  the  ASCs  after 
the  reoxidation  reaction,  as  shown  in  Fig.  3,  and  the  SEM  images 
of  the  electrolyte  surfaces  and  cross-sectional  views  are  shown  in 
Fig.  4.  The  cracks  in  the  electrolyte  extended  to  the  middle  of  the 
anode,  and  the  behaviour  of  the  ASCs  was  in  agreement  with  results 
that  have  already  been  reported  [12,14].  The  cracks,  which  were 


Fig.  4.  Cross-sectional  SEM  images  of  ASCs  of  thicknesses  (a)  0.5  mm  and  (b)  3  mm,  after  reoxidation. 
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observed  in  both  kinds  of  ASCs,  took  place  due  to  the  expansion  of 
the  anode  upon  the  reoxidation  reaction.  Zhang  et  al.  [  1 4]  simulated 
the  internal  stresses  in  ASCs  and  reported  that  in  order  to  maintain 
a  low  probability  of  failure,  the  anode  thickness  should  be  greater 
than  0.7  mm  with  an  electrolyte  thickness  of  10  pan.  The  thickness 
of  the  electrolyte  of  the  ASCs  in  this  study  was  ~7-10  [xm,  and  it 
was  found  that  the  redox  process  was  enough  to  break  down  the 
structure  of  the  ASC. 

However,  cracks  in  the  electrolyte  of  the  SIS-SOFC  were  not 
observed  after  redox  cycling  and  the  SIS-SOFC  exhibited  a  high 
degree  of  tolerance  for  redox  cycles.  It  was  considered  that  not 
only  the  thin  anode  and  thick  substrate,  but  also  the  high  chem¬ 
ical  stability  of  the  insulating  material  were  responsible  for  this 
high  tolerance. 

3.2.  X-ray  residual  stress  measurement 

The  residual  stresses  in  the  electrolyte  were  measured  at  each 
redox  step  and  the  estimated  results  are  shown  in  Table  2.  The 
initial  residual  stress  of  252.8  MPa  in  the  electrolyte  of  the  SIS- 
SOFC  with  AFL  was  obtained  at  room  temperature,  and  this  value 
remained  almost  constant  upon  redox  cycling.  Also,  the  residual 
stress  of  353.1  MPa  in  the  electrolyte  of  the  SIS-SOFC  without  an 
AFL  was  relatively  higher  than  that  of  the  SIS-SOFC  with  an  AFL. 
Because  the  amount  of  Ni  in  the  AFL  was  smaller  than  in  the  anode, 
the  dimensional  change  of  the  AFL  was  smaller  than  it  was  for  the 
anode.  Thus,  the  small  residual  stresses  in  the  electrolyte  were 
observed  in  the  SIS-SOFC  with  an  AFL.  The  residual  stresses  in  the 
electrolyte  of  the  ASCs  were  larger  than  that  of  the  SIS-SOFC,  and 
it  was  confirmed  that  these  residual  stresses  were  rapidly  relaxed 
by  the  redox  cycle.  This  relaxation  upon  reoxidation  reaction  was 
considered  to  be  due  to  the  cracks  in  the  electrolyte  that  were 
observed  in  the  SEM  images.  These  results  show  that  the  residual 
stresses  in  the  electrolyte  of  the  SIS-SOFC  can  retain  almost  the 
same  value  when  the  anode  expands  upon  reoxidation,  and  the 
high  tolerance  for  redox  cycling  is  attributed  to  the  chemical 
stability  of  the  supported  substrate. 

3.3.  Numerical  simulation  results 

The  residual  stresses  in  the  electrolyte  of  the  ASCs  and  the 
SIS-SOFCs  at  room  temperature  are  shown  in  Fig.  5.  The  residual 
stresses  in  the  electrolyte  of  the  ASCs  increased  with  the  thickness 
of  the  anode  substrate.  The  ASCs’  residual  stress  at  a  thickness  of 
3  mm  and  0.5  mm  was  about  588.0  MPa  and  379.3  MPa,  respec¬ 
tively.  The  estimated  residual  results  in  the  ASCs  demonstrated  the 
same  tendency  and  comparable  values  [14].  In  addition,  the  exper¬ 
imental  residual  stresses  of  the  ASC  show  the  same  tendency.  The 
difference  between  the  residual  stress  values  in  the  experimental 
data  and  numerical  data  at  a  thickness  of  0.5  mm  was  attributed 
to  effect  of  the  electrolyte  thickness  [13]. 

The  residual  stresses  in  the  electrolyte  of  the  SIS-SOFC  with¬ 
out  an  AFL  and  with  an  AFL  at  room  temperature  were  estimated 


Fig.  5.  Estimated  residual  stresses  in  electrolyte  of  SIS-SOFCs  and  ASCs  at  25  °C  and 
750  °C. 


Thickness  /  mm 

Fig.  6.  SIS-SOFC  substrate  thickness  dependencies  of  estimated  residual  stresses  in 
electrolyte.  The  SIS-SOFC  geometry  is  modelled  from  electrolyte  and  substrate. 

to  be  ~339  MPa  and  130.3  MPa,  respectively.  The  residual  stresses 
obtained  by  X-ray  residual  measurement  were  353.1  MPa  and 
252.8  MPa,  respectively.  The  residual  stresses  in  the  SIS-SOFC, 
which  were  simulated  for  various  substrate  thicknesses,  are  also 
shown  in  Fig.  5,  and  they  show  that  the  residual  stresses  were  less 
affected  by  the  thickness  of  the  insulating  substrate,  but  the  resid¬ 
ual  stresses  of  the  ASCs  were  very  affected.  As  regards  the  residual 
stress  behaviour,  it  was  considered  that  the  substrate  and  the  elec- 


Table  2 

Residual  stresses  in  electrolyte  of  SIS-SOFC  and  ASC  at  each  redox  step  at  room  temperature. 


Redox  step 

Electrolyte  residual  stress/MPa 

ACS 

t  =  0.5  mm 

ACS 

t  =  3  mm 

SIS-SOFC  without  AFL 

SIS-SOFC  with  AFL 

As-sintered 

-618.0±30.2 

-668.6  ±32.5 

-353.1  ±  8.9 

-252.8  ±  38.3 

1st  reduction 

-363.4  ±20.9 

—370.7  ±31.6 

-368.5  ±  10.9 

-237.1  ±  11.7 

1st  reoxidation 

-75.1  ±37.9 

-180.4  ±18.2 

-385.5  ±  4.7 

-272.2  ±  27.7 

2nd  reduction 

-46.2  ±32.8 

-128.0±22.6 

-403.2  ±  14.3 

-235.6  ±  40.6 

2nd  reoxidation 

- 

- 

-417.8  ±  6.1 

-233.2  ±  45.0 

3rd  reduction 

- 

- 

-410.5  ±  15.2 

-224.1  ±31.3 

3rd  reoxidation 

- 

- 

-419.2  ±  27.1 

-255.7  ±  33.9 
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SIS-SOFC  and  (b)  ASC,  after  reoxidation  reaction. 


trolyte  restrained  the  bending  of  the  anode,  and  the  area  of  the  max¬ 
imum  residual  stresses  changed  from  the  electrolyte  to  the  anode. 
In  fact,  the  residual  stresses  in  the  electrolyte  were  estimated  from 
only  the  substrate  and  the  electrolyte,  and  the  residual  stress  were 
affected  by  the  thickness  of  the  surface,  as  shown  in  Fig.  6. 

Next,  we  estimated  the  residual  stresses  that  were  affected  by 
the  redox  reaction.  First,  residual  stresses  at  750  °C  were  estimated 
for  various  SOFCs.  The  residual  stresses  in  the  electrolyte  of  the 
SIS-SOFC  were  relaxed  at  high  temperature;  the  results  are  shown 
in  Fig.  5.  Next,  only  the  anode  was  expanded  50  p,m  in  order  to 
simulate  the  reoxidation  reaction,  giving  results  that  are  shown  in 
Fig.  7(a).  The  residual  stress  in  the  electrolyte  of  667.3  MPa  was 
larger  than  the  value  before  the  reoxidation  reaction. 

A  residual  stress  of  1288.0  MPa  was  obtained  for  the  ASCs  after 
reoxidation  reaction,  with  the  results  shown  in  Fig.  7(b),  and  this 
value  was  greater  than  that  for  the  SIS-SOFCs.  The  shape  of  the  SIS- 
SOFC  was  a  convex  curve  while  the  shape  of  the  ASC  was  deformed 
to  become  a  concave  curve.  The  residual  stress  in  the  electrolyte  of 
the  SIS-SOFC  retained  the  compressive  stress,  but  the  residual  stress 
for  the  ASCs  changed  the  tensile  stress  after  reoxidation  reaction. 
It  was  considered  that  the  simulation  results  showed  that  the  SIS- 
SOFC  substrate  could  restrain  the  structural  change  and  reduce  the 
residual  stresses  in  the  electrolyte. 

4.  Conclusions 

The  residual  stresses  in  the  electrolyte  of  ASCs  and  SIS-SOFC 
were  estimated  using  the  X-ray  stress  measurement  method  and 
finite  element  method.  The  residual  stress  in  the  electrolyte  of  the 
SIS-SOFCs  remained  almost  the  same  value  during  redox  cycling. 
By  contrast,  the  residual  stress  for  the  ASCs  was  relaxed  and 
accompanied  by  some  crack  formation  upon  reoxidation.  This  high 
redox  tolerance  is  regarded  as  being  due  to  the  insulating  substrate, 
which  restrains  the  expansion  of  the  anode.  It  is  considered  that 
the  insertion  of  a  chemically  stable  layer  can  effectively  enhance 
redox  tolerance. 
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